A hyperbolic metamaterial resonator is utilized as a nano-antenna for enhancing the radiative emission from a quantum emitter at 660 nm wavelength. Simulated power radiation enhancement up to 100 folds is demonstrated.
Introduction
The control of spontaneous emission is of central importance for solid-state lighting applications, photophysics and quantum information processing. Hyperbolic metamaterials (HMs) offer large photonic density of states [1] - [4] through indefinite iso-frequency wave-vector dispersion which can enhance spontaneous decay rate dramatically. However, in planar structures, emission is trapped inside the metamaterial and eventually dissipated into heat. It has been shown recently that a nanopatterned multilayer HM grating can enhance radiative emission and Purcell factor [5] . Here we present the simulation result of using sub-wavelength cylindrical hyperbolic nano-antenna structure to enhance emitted power into the free-space by 100 folds. We also study the enhancement factor for various emitter locations.
Results and Discussion
The HM nano-antenna considered here is s a multilayer of silver (Ag) and silica glass (SiO 2 ) layers on top of an opaque Ag substrate. The permittivity functions of the materials are taken from in-house measurements at Sandia National Labs, and at the wavelength of interest, 660 nm, the relative permittivities of the materials are layer has a thickness of 12.5 nm, stacked as in Fig. 1 (a), with silica as the bottom layer. In addition, 5-nm-thick silica is used as the top-most layer of the HM resonator, which serves as a passivation layer against the oxidation of the silver underneath. The HM resonator has a cylindrical shape with a radius 54 nm r = and a height 80 nm; and it is positioned on top of silver substrate. The dipolar emitter utilized in full-wave simulations represents a quantum dot (QD) with radius QD 10 nm r = , therefore the distance of the dipolar emitter to the resonator is taken as 10 nm in the simulations. The enhancement of radiated power h is defined here as the power emitted into the free-space, the upper halfspace in Fig. 1(a) , by a unit dipole, divided by the power emitted by the same dipole in vacuum. The power enhancements pertaining to x-, y-, and z-polarized dipoles located at position A (at the center of the top of the HM resonator), and at position B (adjacent to the resonator on top of the silver substrate) are reported in Fig. 1(b, c) , respectively, versus wavelength. The enhancement for position A is the same for x-and y-polarized dipoles due to rotational symmetry of the system. It reaches a maximum of 19 folds around 660 nm whereas the enhancement for a z-polarized dipole is very limited and is 5 folds. The enhancements at position B for x-and z-polarized dipoles are larger than those in position A, reaching values of 25 and 100, respectively. On the contrary, radiation by a ypolarized dipole at position B is inhibited, with 0.2
The enhancement factor behavior is correlates with the strong electric field region of the resonance mode (not shown here). The emitter efficiencies of the x and y dipole in position A and B are shown in Fig. 1(c, b) .
We also analyzed the impact of HM resonators in a 3-by-3 array configuration with equal period along the x and y directions. The simulation results indicate that for smaller periods, the enhancement of radiated power decreases. For example, the enhancements relative to a period of 200 nm is roughly half of the enhancement of an isolated HM resonator.
In conclusion, this paper proposes a method of utilizing HM's interesting dispersion characteristics to enhance the radiative emission of quantum emitters, which can be useful for improvement of light-matter interaction and solid-state lighting applications.
This work was performed, in part, at the Center for Integrated Nanotechnologies, a U.S. Department of Energy, Office of Basic Energy Sciences user facility. Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000. F.C. and C.G. would like to thank Ansys, Inc. for providing HFSS.
